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Experiments to investigate the friction between rock surfaces under transient loading are described and data presented for four rock types. The method used involved a vibratory test rig and the back analysis of sliding blocks of rock. Friction values obtained in this way are compared to data from inclined plane sliding and direct shear tests. It was found that :
1) the displacement of a block due to vibration loading was greater than would have been predicted using peak friction angles obtained from static tests;
2) the apparent shear strength of the surfaces at the commencement of sliding was higher than the equivalent static strength and was dependent on the rate of loading;
3)
once sliding had begun, frictional resistance reduced considerably and was several degrees lower than the equivalent static angle of friction.
INTRODUCTION
1. This paper describes experiments to investigate frictional resistance developed between rock surfaces when loaded dynamically rather than statically.
The results are relevant to the design of rock slopes to with stand earthquake loading.
The occurrence of rock slope failure due to vibration loading 2.
Rock slope failures resulting from vibra tion loading commonly occur due to earthquakes and to a lesteer extent blasting.
As far as the author is aware there are no published back analyses of such failures that have provided values for shear strength at failure.
It has, however, been demonstrated that displacements in a progressively failing slope may be related to vibration magnitude (ref. 1, 2) .
The design of rock slopes to withstand earth quake loading
3.
The first task for design in a seismic region is to determine the magnitude and duration of forces that might affect the slope within its lifetime.
Existing earthquake records and the way in which such earthquakes are related to the tectonics of the region are statistically studied and the ground motion characteristics to be included in design determined.
Earthquake ground motions are however extremely complex and would be most difficult to incorporate in design.
Simplifi cations are necessary.
The most usual approach is to consider earthquake loading as a static horizontal driving force.
This gross simplifi cation has been justified because of the questionable quality of other input data in most designs (ref. 3 ). An alternative method is to calculate the actual displacements likely to be caused in the slope due to the design earthquake (ref. 4, 5, 6) . The advantage of this method is that finite displacements are determined for forces that would imply total failure by using a pseudo-static force in a limit equilibrium method. The finite displace ment method reflects the important transient nature of the inertial loading.
It has been shown that simplifications for ease of calcula tion can be made by representing complex ground motions as simple acceleration pulses (ref. 6 ).
Following such an analysis, decisions can be made on the basis of "permissable displace ments" either in terms of some controlling factor of shear strength such as roughness wavelength (ref. 7) or in terms of the post earthquake condition of the slope. The importance of considering the post earthquake condition is emphasised by the many reports of failures that occur days or even months following an earthquake in slopes that were previously stable (ref. 8, 9) .
Shear strength developed to resist transient loads

4.
Whatever method is used to design a slope to withstand seismic loading,a representative shear strength must be adopted.
The experi ments described here were designed to investi gate whether the frictional resistance developed between rock surfaces under a tran sient load is the same as that developed where
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forces are applied more slowly as in a direct shear test.
A number of observations suggest that this may not be the case :
When a load is applied rapidly there may be a time lag between measured stress and strain (ref.
10). According to the adhesional theory of friction, frictional resistance is proportional to the true area of contact which varies directly with normal load.
If the normal load is reduced rapidly, the area of contact may adjust more slowly resulting in a higher measured strength than if the load were reduced at a lower strain rate.
(ii) Frictional resistance is low for surfaces that have only been in contact for a short period prior to shearing (ref.
11, 12). Scholz and Engelder (ref.
12) were able to relate this time dependence to the change in real area of contact with time.
In the case of a sliding block, the period of contact between any two points on the surfaces is only momentary; hence frictional resistance may be low during sliding.
(iii) Compressive strengths of many materials are dependent upon the rate of loading, higher strengths being achieved for faster rates. The shear strength of rough rock joints, particularly at high stresses, involves shearing through intact rock.
One would therefore expect shear strength under rapid loading to be higher.
The tests reported here were carried out on flat surfaces but loading rate dependency may be important for natural rock joints.
ROCK DESCRIPTIONS AND SAMPLE PREPARATION
5.
Tests were carried out using four different rock types.
Rocks were chosen on account of their homogeneity and small grain size relative to the size of the sliding surfaces. Surfaces were saw cut and then ground using a 220 grade diamond wheel. 
10.
To investigate frictional resistance under transient loading a simple test was devised using the model of a block on an inclined plane. In order that the results from the vibration tests could be compared to values obtained from more conventional 'static' tests such as direct shear, for similar ground surfaces, it was first necessary to study the frictional resistance developed by a block on an inclined plane where sliding was induced by the weight of the block alone.
Variations in frictional resistance with displacement were measured for each rock type so that the effects of rate of loading in vibration tests could be distinguished.
The static tests were carried out by placing a weighted thin slice of rock on a large milled surface of rock and then gradually tilting the surface by means of a screw device until sliding occurred.
Each run involved approxi mately 160mm differential displacement and runs were repeated for up to 11.0m total displace ment.
Angles of sliding from inclined plane sliding tests are referred to as 0 s t (0static)*
The main conclusions from these tests are summarised as follows :
The inclined plane sliding test gives repeatable results for ground surfaces of rock.
(ii) fig. 1 .
The test rig consisted of a tilting table to the top of which could be fixed large, milled slabs of rock, (see fig.2 ). This assembly was bolted onto a base plate that could slide horizontally on low friction bearings.
The base plate was fixed to end plates by means of extension springs that could be adjusted to accelerate the table by 0 to lg horizontally at frequencies of 1 to 5 Hz, where g is the acceleration due to gravity.
When a locking device was released, the tilting table moved backwards and forwards in damped harmonic motion.
The base acceleration was measured by an accelerometer and plotted against time by a chart recorder.
The sliding block consisted of a block of steel with a thin slice of ground rock fixed to the underside.
The calculations of frictional resistance relied upon measuring incremental displacements of the block accurately over a period during which the applied forces were known.
To do this each test was filmed and each frame of the film examined under a microscope.
Matching of the film record with the acceleration record was carried out graphically using a visual display terminal rather than on the basis of individual film frames.
Further details of the experimental method, checks on accuracy and preparation of specimens are given in ref.
14.
Calculation of frictional resistance for incremental displacements
12.
Where a block sits on a slope inclined at /3°which is less than the angle of friction, 0 , the block is stable.
If a horizontal acceleration greater than a critical accelera tion is applied to the block, directed out of the slope, displacement will occur. This is illustrated diagrammatically in fig. 3 . The horizontal axes represent time.
In diagram (i) the base acceleration is given.
In diagram (ii) the inertial acceleration acting upon the block due to the base accelera tion is given.
The inertial acceleration is equal to the base acceleration but has a phase difference of 180°.
In diagram (iii) the shearing component of the inertial acceleration is added to the down slope gravitational acceleration acting on the block.
In diagram (iv) the magnitude of the maximum retarding acceleration due to frictional resistance is given.
In diagram (v) the maximum retarding acceleration is superimposed on the shearing acceleration.
In diagram (vi) the velocity of the block resulting from the accelerations in diagram (v) is given and in diagram (vii) the cumulative displacement is shown.
From time t Q until ti_ the shearing accele ration exceeds the maximum retarding accelera tion.
The block begins to move at t Q and reaches maximum velocity at ti_.
The block begins to slow down from time ti_ as the frictional resistance exceeds the shearing force.
At time t p , when area A = area B, (velocity = 0;, the block will stop sliding.
The block will then sit stable on the slope until time t3 when again the shearing force exceeds the frictional resistance.
In this way the displacement of a block may be calculated for a known magnitude, frequency and duration of base acceleration providing the frictional resistance is known. Conversely, if a block is seen to travel a certain distance in a time during which the applied forces are known, the frictional resistance acting for that time can be determined.
Such an approach was followed in this study to investigate the effect of vibration on friction.
13. Fig. 4 illustrates the method used to calculate frictional resistance from the test data.
At times t-j_, t3 and t5 the displacements of the block di_, d2 and d3 relative to the basal surface were measured from consecutive frames of the film.
Average velocities (v^ and V2) were calculated for intermediate times t2 and so that :
and V2 = At At Between times t2 and the block was accelerated by a known shear load.
By in tegrating the shear load acceleration against time for that period, the velocity (v shear ) ideally gained by the block can be found (disregarding friction), so that : Average values of 0, where p, = tan 0, were determined for larger displacements of the block i.e. for individual cycles of motion and for the complete length of sliding by the following method. Theoretical displacements were calculated for different sections of each acceleration record using a range of possible values for 0.
These calculated displacements were then compared to actual measured displace ments to arrive at an average value for 0 (0 av )»
A typical output for a single slope angle is given in fig. 6 .
Referring to this figure, if the block was seen to slide 15 cm in the first 2.0 sec. of the test run, the operative angle of friction would have been 24.5°. If in the first 0.5 sec. the block only slid 3 cm then the operative angle of friction would have been 26°. The average angles of friction (0av) obtained in this way were compared to values calculated from incremental displacerments.
RESULTS
15.
An example of the results obtained,based on data from individual film frames,is shown in graphical form in fig. 5 .
The results generally show scatter mainly due to reading errors in displacement measurements but possibly in part due to real variations in 0 during sliding.
The errors are important for incremental values of 0 but tend to cancel out for complete runs.
Results were treated statistically to give mean values from the incremental angles of friction (0m) and plotted as histograms and cumulative frequency curves of incremental friction values.
16.
One test on Portland limestone consisted of 17 runs with the angle of slope being progressively reduced from 30° to 10° . Rock flour was removed for the first 14 runs and accumulated for the final 3.
Values for 0m (mean incremental values for 0), 0av (average operative values of 0 calculated from total displacement of the block), and 0 s -j-(angles of sliding from inclined plane sliding tests), are plotted against displacement in fig. 7 . Table 1 contains data from this test and from tests on three other rock types. DISCUSSION 17. Fig. 7 shows that the reduction in friction with displacement in vibration tests followed the pattern observed in inclined plane sliding tests.
This was also shown by tests on other rock types.
The measured angle of friction was lower for the vibration tests and displacements calculated on the basis of inclined plane sliding test results would have clearly underestimated the true displacements.
18. Fig. 7 and table 1 also reveal that 0 m was generally less than 0av.
This means that although the frictional resistance during sliding was calculated at one value (0m), the total displacement was less than would be expected on the basis of 0 m and indicated a higher average friction angle (0 av )« This may be explained where the block commenced sliding at a later time and at a higher shear load : normal load ratio than would have been the case if strength was controlled before sliding by 0m.
Once sliding,the friction angle reduced to 0m.
This concept is illustrated in fig.  8 . The times at which the block commenced sliding at the start of each displacement cycle were found by extrapolation of displacement increment data and the shear load : normal load ratios at those times calculated.
Friction angles (0p) when the. block began sliding in vibration tests were found to be very high and are given in Table 2 In most tests, mean values of 'sliding' friction were less than t h e corresponding 'static' values f o r a l l rock types.
21.
The high peak friction angles a t commence ment o f sliding and low values during sliding can be explained by the mechanisms outlined i n para. 4 . The high values may reflect a delay in t h e reduction of area of contact with rapidly decreasing normal load and increasing shear load.
The low values result from t h e poor bonds that can be formed as contacts are repeatedly made and broken.
CONCLUSIONS
22
FROM VIBRATION TESTS
(i) The displacement of a block due t o vibration loading i s greater than would be predicted using friction angles obtained from 'static' tests.
(ii) The friction angle f o r the initiation of sliding is higher than the equiva lent 'static' friction angle and is higher for higher rates of loading.
(iii) The friction angle during sliding is lower than the 'static' friction angle.
IMPLICATIONS FOR DESIGN OF ROCK SLCPES TO WITHSTAND EARTHQUAKE S
23.
It is suggested that a rock slope design should be checked for seismic loading in two stages :
(i) A limit equilibrium analysis should be carried out using* a pseudo-static force incorporating the peak ground acceleration expected at the site. A peak friction angle obtained from direct shear tests corrected for dilation should be used in this analysis. The use of a peak value will tend to result in conservative design as the actual frictional resis tance may be much higher where the applied vibration is of high frequency.
(ii) If the limit equilibrium analysis shows that sliding will occur, then an estimate of the resulting displace ment may be made by using Sarma's 
24.
It must be emphasised that these recommen dations are based on a few experimental results using small samples With idealised surfaces. Until more information is available on the behaviour of rock slopes in earthquakes however, these recommendations seem justified.
